Field-dependent magnetization of superconducting fine Al particles has been measured down to 0.5 K with a SQUID system. The results can be explained in considerable detail by the existence of a log-normal distribution of particle size.
In the preceding paperl (henceforth referred to as Paper I we demonstrated that fine metal particles generally have log-normal distributions of radii, even if some deviations occur for particles being large enough to display crystal habit. This observation of a well-defined shape of the size distribution forms the basis of the present paper, where we report on measurements of field-dependent magnetization for fine inert-gas-evaporated Al particles. Following a procedure devised by Lewis 2 we unfold size distributions by computation from the magnetization data. In a sense these results are more reliable than size distributions based on microscopy as any effects of an unrepresentative sampling are excluded. These calculated size distributions are in excellent accord with the log-normal distribution function, which confirms that the detailed shape oj the magnetization curves can be explained as a consequence oj Ihe distribution of particle size.
We first outline a slightly generalized version of the treatment by Lewis 2 describing how one can derive the radial size distribution j(r) from measurements of the magnetization M(H) for fine type-I superconducting particles: The magnetic moment of a small superconducting sphere (radius r) can be calculated 3 -5 from the Ginzburg-Landau theory; for r« A L , where AL is the London penetration depth of the magnetic field into the superconductor, the magnetic moment is given by (1 ) Here ~o denotes the coherence length for the superconducting order parameter, H cb is the critical magnetic field for bulk specimens, and g is a constant which depends on the predominant type of surface interaction present. For diffuse scattering g= 0.625, whereas for specular surface reflection g=O. 845. The temperature dependence of the magnetic moment enters via the temperature dependence of AL which experimentally is closely approximated by the relation (2) where ALo is a constant length, T is the absolute temperature, and Tc is the superconducting transition temperature. The total magnetization is then obtained by integration with j(r)r3 as weighting factor The diamagnetic susceptibility of the superconducting state is orders of magnitude larger than the normalstate (paramagnetic) susceptibility. From Eq. (1) this implies that the upper limit of the integration can be replaced by (4) Now the expression under the integral sign in Eq. (3) is equal to zero at both limits of the integration, and two applications of the Leibniz Rule give an equation which can be readily solved for f(r), the result being
where H is related to r via Eq. (4).
The fine Al particles needed in this work were produced by filament evaporation in an argon atmosphere with a small addition of oxygen to make the particles electrically insulated from one another. This experimental technique was discussed at length in Paper I; the argon pressures are listed in Table I for three samples. From electron microscopy we have determined a value of the median diameter6 x which is believed to be accurate to ± 107c .. It was also found that the particles displayed a weak crystal habit; the cross sections were hexagonal with rounded corners. Thus Eq. (5) can only be expected to give an approximation (though a good one) to the actual size distribution even if one neglects the assumptions made in the derivation.
The magnetization measurements were done with a point-contact superconducting quantum flux detector (SQUID) coupled to the sample via a flux transformer. The experimental procedure was to insert a specimen, weighing about 0.1 g, into the narrow tail section of a sample chamber that was thermally linked to a pumped 3He refrigerator. 7 Thermal equilibrium within the sample chamber was maintained with 4He exchange gas. The sample temperature was stabilized at a preset value through use of an electronically operated resistive heater with a doped Ge thermometer as sensor. Figure 1 shows curves of field-dependent magnetization at several temperatures for our sample Al No. 1. Even at the highest temperature the interval Tc -T (cf. Table I) is sufficiently large to ensure that "zero dimensional" fluctuations of the superconducting order Fig. 1 we have calculated f(r) from Eq. (5); the result for one of the samples is given in Fig. 2 . These data have been fitted to a theoretical size distribution given by (6) i. e., a log-normal distribution function (cf. Paper 1) for the radii of spherical particles. In Eq. (6) r denotes the median radius, and a is the geometric standard deviation. The excellent agreement between the two kinds of data is evident from Fig. 2 . It should be noted, though, that some ambiguity stems from the fact that the evaluation of fer) yields very heavy weight to the larger particles [actually the most accurate comparison should be between the sixth moments of f(r) and fIn (r)]. This means that any detailed agreement between the two sets of data is coincidental in the limit of small r. Another consequence of this weighting is that we cannot tell whether the apparent excess of small particles, as determined on a number basis in Paper I (cf. Sec. VE), is reflected 12 also inf(r).
The excellent agreement between the calculated size distribution and the log-normal distribution function is proved once more by Fig. 3, which gives results for all of the investigated samples. Here the data are plotted on logarithmic probability paper, where a lognormal distribution function yields a straight line. Only The horizontal axis is set by J"= ~x, where x (cf. for Al No. 1 did we find any clearly noticeable departure from linearity, but, as pointed out above, this deviation is probably not significant as it occurs only in the limit of small particles. From the slopes of the straight lines in the log-probability plots we have determined a; the values are given in Table I . It is interesting to note that they all fall well inside the range a = 1. 48 ± 0.12 which we showed to be generally valid from the compilation of a's in Paper I.
In conclusion, we have unfolded size distributions by computation from magnetization data for small superconducting Al particles. The results are in excellent agreement with the log-normal distribution function which we found in Paper I to be expected size distribution for inert-gas-evaporated particles. By reversing these arguments we can state equally well that the detailed shape of the field-dependent magnetization of fine superconducting particles is governed by the lognormal size distribution. 
